Major steps in omalizumab development
The rational basis for treating immunoglobulin (Ig)E-mediated allergy with anti-IgE antibodies has been envisioned for a long time. However, use of murine anti-IgE in vivo was precluded for a long time by anaphylactic reactions to heterologous antibodies. Nevertheless, murine anti-IgE was used commonly for in vitro studies to investigate allergic pathophysiology by blockade of mediator release by basophils and mast cells.
Eventually, a recombinant anti-IgE humanized monoclonal antibody-E25, known today as "omalizumab", fulfilled all the requirements for clinical use thanks to its peculiar composition: it contains 95% of a human IgG1 antibody, whereas the specific antibody-binding site of murine origin comprises <5% of the total molecule. 1 Clinical trials have shown the efficacy of omalizumab against IgE-mediated allergic diseases, 2 particularly against allergic asthma.
3 Omalizumab seems to be able to result in a decrease of mediator release, thus reducing allergic inflammation, through inhibition of IgE binding to the high-affinity IgE receptor (FcεRI) on the surface of mast cells and basophils. 3 Several trials have confirmed the therapeutic role of omalizumab. Omalizumab is acknowledged in Global Initiative for Asthma guidelines with the indication for severe uncontrolled asthma at 150 mg every 4 weeks to 375 mg every 2 weeks, with individual dosing dependent on body weight and level of total IgE up to 700 IU/mL. 4 In 2006, a Cochrane meta-analysis (14 randomized trials involving 3,143 patients) by Walker et al 5 showed a significant decrease in levels of free IgE compared with placebo. It submit your manuscript | www.dovepress.com
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incorvaia et al also revealed significant differences in favor of omalizumab with regard to the number of patients able to reduce use of inhaled corticosteroids by >50% and the number of patients who could stop daily intake of inhaled corticosteroids. 5 The evidence provided by Walker et al 5 was strengthened by additional meta-analyses. An updated Cochrane metaanalysis in 2014 looking at 25 trials on adults and children showed that omalizumab reduced the prevalence of asthma exacerbations and hospitalizations as adjunctive therapy to inhaled corticosteroids and was significantly more effective than placebo in achieving a decrease in use or withdrawal of inhaled corticosteroids. Other studies have shown the capacity of omalizumab to spare the use of oral corticosteroids in patients with severe, persistent asthma. [6] [7] [8] [9] Also, the prevalence of serious adverse events was shown to be significantly lower with omalizumab than with placebo by Normansell et al. 10 With regard to anaphylactic reactions, the Executive Committees of the American Academy of Allergy, Asthma & Immunology as well as the American College of Allergy, Asthma and Immunology formed the Omalizumab Joint Task Force with the aim to review the incidence of anaphylaxis to omalizumab. In 39,510 patients receiving omalizumab, an anaphylaxis-reporting rate of 0.09% of patients was estimated. 11 Other types of adverse events, such as thrombocytopenia, parasitosis (giardiasis), and dyspnea were reported by Yalcin et al, who suggested monitoring patients with severe asthma for ≥3 hours after omalizumab injection. 12 No such reactions were described in patients treated for urticaria but, due to the much more recent approval of omalizumab for such indications, longer observation is needed to draw conclusions.
In the Cochrane meta-analysis by Normansell et al, the authors mentioned that the sparing effect of omalizumab on the use of systemic corticosteroids and potential threshold level of baseline serum IgE for optimal efficacy merited further investigation. 10 In another meta-analysis, Lai et al analyzed the controlled trials carried out for ≥52 weeks involving an overall population of 2,749 patients. The ability of omalizumab to achieve complete withdrawal of inhaled corticosteroids was demonstrated, along with significant improvements in quality of life (QoL) as well as good safety and tolerability. 13 It is now acknowledged that real-life studies expand the information on a given medical treatment because they include patients seen in everyday clinical practice (who are frequently not admitted to controlled trials because of the rigid selection criteria). Alhossan et al undertook a meta-analysis on 25 studies that evaluated the effectiveness of omalizumab in real-life conditions, including the heterogeneity of patients and clinicians, and sites of treatment. The effectiveness indicators were: lung function; symptom control; corticosteroid use; prevalence of exacerbations and hospitalizations at 4, 6, 12, and 24 months; and QoL. Asthma treatment with omalizumab was associated with many patients receiving a good-to-excellent response to treatment according to all indicators. Alhossan et al concluded that the results in real life "mirror and extend the efficacy data from randomized controlled trials (RCTs)". 14 Despite the important outcomes mentioned earlier, factors that can affect application of omalizumab for asthma should be considered. The results obtained in diseases other than asthma allow us to imagine further applications of omalizumab. Omalizumab efficacy has been reported for several IgE-mediated (allergic rhinitis, food allergy, allergic bronchopulmonary aspergillosis, anaphylaxis, atopic dermatitis) and non-IgE-mediated (urticaria, nasal polyposis, idiopathic angioedema, mastocytosis) disorders, 15 but several others are emerging, as described in the following section.
Issues to be investigated in omalizumab treatment
Optimal duration of treatment in patients with asthma
Clinical data
The first study investigating the optimal duration of omalizumab treatment for asthma was published by Nopp et al in 2010. Eighteen patients with severe allergic asthma were followed up for 3 years after 6-year treatment with omalizumab. At the end of follow-up after treatment withdrawal, 12 patients had improved or unchanged asthma compared with those having ongoing omalizumab treatment. 16 Xolair Persistency of Response after Long-term Therapy (XPORT) was a double-blind, placebo-controlled trial for patients with moderate-to-severe persistent asthma receiving long-term omalizumab treatment randomized to two arms: continuing omalizumab at the same dose vs withdrawal to placebo. Patients were followed up for 1 year, with exacerbation of severe asthma as the primary outcome. Also, Asthma Control Questionnaire and Asthma Control Test (ACT) scores were used to assess symptom control. The number of patients without asthma exacerbations was significantly higher in the omalizumab group (67%) than in the placebo group (47.7%). Moreover, patients continuing with omalizumab therapy had significantly better asthma control (as defined by lower scores in the Asthma Control Questionnaire and ACT). 
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Two decades with omalizumab
In the Omalizumab Dose Reduction (OMADORE) study, the follow-up duration was extended to 30 months. In a group of patients with severe asthma receiving omalizumab for at least 12-18 months, provided they had reached the lowest tolerated dose and had spirometric values equal or better than that at study entry, the omalizumab dose was halved, and in the case of clinical stability after 6 months, halved for a second time. In 34.3% of patients, it was possible to withdraw omalizumab treatment. 18 In a real-life study involving 49 asthmatic patients who agreed to stop omalizumab treatment after 6 years, 12 patients relapsed in the first year after discontinuation and seven within 13-48 months. Global results suggested that the effects of 6 years of omalizumab treatment could be maintained in 60% of patients for ≥4 years. 19 Biomarkers that could be used as criteria for withdrawal of omalizumab treatment
The first biomarker proposed for withdrawal of omalizumab treatment was identified by Nopp et al due to a significant downregulation of basophil allergen sensitivity (CD-sens). 16 In a recent study, the same authors used CD-sens as an index to measure the efficacy of omalizumab treatment in 32 patients during 16-32 weeks. CD-sens turned negative in nine patients but remained positive in 15 cases. In the latter group of patients, the omalizumab dose was increased, and resulted in negative CD-sens for an additional three patients. Based on these findings, Nopp et al suggested that CD-sens could be used as a measure of the direct effect of omalizumab therapy to monitor IgE-mediated allergic asthma, 20 but this hypothesis needs to be tested in prospective studies on larger groups of patients.
Another reliable biomarker for discontinuation of omalizumab treatment could be generation of cluster of differentiation (CD)4+ Foxp3+ regulatory T cells. These cells seem to be related to the development of tolerance to the causative allergen orientating the immune response involved in asthma pathogenesis. 21, 22 Other candidate biomarkers to monitor treatment response and possible use as cessation criteria based on the development of a negative test have been proposed. In particular, two biomarkers clearly related to asthma severity have been proposed: blood levels of eosinophils and fractional exhaled nitric oxide. 23 In a prospective real-world study of 801 patients with asthma receiving omalizumab, 622 completed the study. Treatment was successful (as assessed by a reduced prevalence of exacerbation and hospitalizations, as well as improved ACT scores), but a significant correlation with biomarker status was not detected. 24 The potential importance of allowing more precise monitoring of omalizumab efficacy and use as a criterion for ceasing omalizumab therapy means that further studies are needed.
Outcome of omalizumab treatment in other allergic and non-allergic disorders
As mentioned earlier, the clinical efficacy of omalizumab in other diseases has been reported. 25 Reports on a spectrum of IgE-mediated reactions (in which efficacy is expected) will not be discussed here. Instead, efficacy against conditions not definitely related to IgE-mediated mechanisms or allergic disorders will be discussed. The former consists of exercise-induced anaphylaxis 26 and oral allergy syndrome. 27 With regard to the latter, Table 1 shows the additional disorders reported as "responsive" to omalizumab in recent years. Most articles are case reports or case series that require confirmation. The only controlled trial was carried out on chronic sinusitis, 28 and was based on previous positive findings obtained in nasal polyposis, for which a systematic 40 The authors showed that monoclonal antibodies (not only omalizumab but also reslizumab and mepolizumab were evaluated) improved several outcomes, including opacification (as assessed by computed tomography), nasal airflow, olfaction, and QoL, along with changes in type-2 helper T-cell (Th2)-associated biomarkers and good safety and tolerability. 28 Among new reports there are further variants of urticaria which, in addition to those known already, make this type of skin disease the most frequently associated with omalizumab efficacy.
Chronic urticaria
Chronic idiopathic urticaria is more commonly termed "chronic spontaneous urticaria" (CSU). Omalizumab treatment has been shown to be efficacious and safe, initially from a randomized, placebo-controlled trial that compared doses of 75, 300, and 600 mg, with the latter two doses being significantly effective. 41 Kaplan et al analyzed the efficacy obtained with omalizumab doses of 75, 150, and 300 mg in three RCTs. The response was dose-dependent, the highest being achieved with 300 mg. 42 Further trials confirmed such outcomes and showed that after a 12-week course of omalizumab treatment, urticaria remained well controlled for the subsequent 24 weeks. 43 RCT evidence resulted in approval by the US Food and Drug Administration and European Medicine Agency to license omalizumab treatment in patients aged ≥12 years with CSU who remain symptomatic despite the use of H 1 antihistamine agents. Omalizumab efficacy was endorsed recently in a prospective Phase IV study in 136 CSU patients receiving 300 mg of omalizumab every 4 weeks for 12 weeks. 43 However, just as for asthma, the optimal duration of treatment is not known. 44 Using a 12-week schedule, the prevalence of relapse of urticaria following treatment discontinuation was high. 45 Ferrer et al undertook a re-analysis of the data from the ASTERIA trial using a high baseline urticaria activity score and early response to treatment to estimate the probability of rapid relapse of urticaria. 46 Just like for asthma, biomarkers possibly associated with treatment response were investigated.
Due to the importance of D-dimer (a degradation product of fibrin) as a marker of disease activity in CSU, 47 some studies have assessed its role in predicting the response to omalizumab treatment. Cugno et al recently reviewed available data and concluded that the baseline levels of D-dimer were higher in treatment-responsive patients. 48 Interestingly, even though CSU is not an IgE-mediated disease, the total IgE level was found to be predictive of response to omalizumab treatment. In fact, non-responders to omalizumab had significantly lower IgE levels (17.9 IU/mL, range 17.0-55.0 IU/ mL) compared with partial responders (82.0 IU/mL, range 46.2-126.5 IU/mL) (P=0.008) and complete responders (73.7 IU/mL, range 19.45-153.8 IU/mL) (P=0.032). 49 Another quite common subgroup of urticaria is chronic inducible urticaria (CIU), which is elicited by several physical triggers, such as cold, heat, and delayed pressure. 50 Maurer et al carried out a systematic review of the available literature (43 studies [trials, case series, and case reports]) on the effect of omalizumab treatment upon CIU. The highest evidence of efficacy was found for symptomatic dermographism as well as cold and/or solar urticaria, with rapid onset of action in most cases and complete/partial symptom relief in many patients, along with good safety and tolerability in adults and children. 51 However, omalizumab is not approved for use in CIU or for all other variants of urticaria except CSU, so it may only be used off-label. 52 Regardless of the level of evidence for the different subgroups of urticaria, the mechanism of action of omalizumab is not known. Table 2 highlights the putative mechanisms of action suggested so far, none of which have been demonstrated definitely to work.
Omalizumab and allergen immunotherapy (AiT)
Even though omalizumab may be beneficial in people with non-allergic asthma and a high level of total IgE, 58, 59 allergic Table 2 Putative mechanisms of omalizumab in urticaria 
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Two decades with omalizumab asthma remains the major target. A pivotal treatment of respiratory allergy (including rhinitis and asthma) is AIT, which is the only etiological treatment. 60 The safety of AIT has been a critical issue previously due to anaphylactic (and sometimes fatal) reactions due to subcutaneous administration. After identification of the major risk factors (and particularly the high risk associated with uncontrolled asthma when the allergen extract is injected), the prevalence of severe reactions is very low. 61 However, in patients who develop such reactions, switching to other routes of administration (especially the safer sublingual route) or withdrawal of AIT could prevent further reactions. 62 This strategy denies the patient treatment that could modify the natural history of allergy.
A significant role for omalizumab has been shown in patients carrying a high risk of systemic reactions to AIT. In children with severe allergic asthma (considered to be at the highest risk), omalizumab pretreatment and subcutaneous AIT led to good safety and tolerability. 63 Casale et al reported a fivefold decrease in anaphylaxis risk associated with a rush schedule of subcutaneous AIT in 159 patients with allergic rhinitis caused by ragweed pollen. 64 An identical outcome was achieved in 248 patients with allergic asthma randomized to treatment with omalizumab or placebo. Omalizumab-treated patients had significantly fewer systemic allergic reactions (P=0.017) to AIT than placebo-treated patients, and in 87.3% of omalizumab-treated patients, the target maintenance immunotherapy dose was reached compared with 72.1% of placebo-treated patients (P=0.004). 65 In patients undergoing immunotherapy with venom from Hymenoptera species, treatment discontinuation exposes the patient to potentially fatal reactions to further stings. 66 Most studies have reported the ability of omalizumab to allow treatment tolerance in patients with repeated systemic reactions, 67 and in the few unsuccessful cases, it is likely that insufficient doses of omalizumab were used. A recent report showed that increasing the omalizumab dose up to 450 mg may achieve protection from systemic reactions in patients unresponsive to standard doses. 68 With regard to the mechanism of action, in oral immunotherapy for food allergy (which, although not accepted in guidelines, has been used by some authors for desensitization to food allergy), one study demonstrated that supplementing treatment with omalizumab resulted in specific desensitization to the administered food, with an initial omalizumab-dependent depletion of allergen-reactive T cells and subsequent increase in allergen-specific T-regulatory cells that induced the reversal of Th2 cell-like activity. 69 It is unlikely that this mechanism of action is limited to foodallergy immunotherapy supplemented with omalizumab, and may also work in other forms of immunotherapy in combination with omalizumab.
Cost-effectiveness of omalizumab
The cost-effectiveness of a medical treatment is related to the growth in gross domestic product. Normansell et al stated that "given the high cost of the drug, identification of biomarkers predictive of response is of major importance for future research". 10 In fact, the economic studies available when that meta-analysis was carried out gave contrasting results. Indeed, a study by Brown et al based on indices of health economics, such as the incremental cost-effectiveness ratio (ICER) and quality-adjusted life years (QALYs), concluded that omalizumab as add-on therapy in patients with severe persistent allergic asthma was cost-effective. 70 In the same period, a different conclusion was drawn by Sullivan and Turk, who summarized the effectiveness of omalizumab in clinical trials in patients with uncontrolled severe persistent allergic asthma despite high-dose inhaled corticosteroids plus long-acting beta-agonists. They concluded that "the cost-effectiveness of omalizumab compares well with other biologic treatments for chronic illness". 71 In 2012, the Evidence Review Group from the UK National Institute of Health and Clinical Excellence stated that "the potential small gain in QALYs associated with omalizumab was not sufficient to compensate for the high treatment cost even under the most favorable scenario analyses." 72 More homogeneous outcomes were observed in subsequent studies. Norman et al undertook a systematic review involving eleven trials and 13 observational studies. The ICER for adults and adolescents was £83,822 per QALY gained, whereas the ICER for children was £78,009 per QALY gained. The major indicators of cost-effectiveness were asthma-related mortality risk, improvement in healthrelated QoL, and the frequent adverse effects related to use of oral corticosteroids (which are usually reduced if omalizumab is added to treatment). 73 In the most recent systematic review involving 20 studies of cost-effectiveness analysis (19 of which were on omalizumab) from 2000-2018, ten studies concluded that omalizumab was cost-effective, five that omalizumab was cost-effective only in severe uncontrolled asthma, and four that it was not cost-effective. 74 The comparators used to define cost-effectiveness are of critical importance. In fact, if asthma-related death is used as a parameter, the results submit your manuscript | www.dovepress.com
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incorvaia et al may be considerably different in developed countries with a national health system, whereas if severe exacerbations are used as comparators, the conclusions are dissimilar.
Real-life studies have reported on the cost-effectiveness of omalizumab compared with standard-of-care (SOC) therapy in patients with severe persistent asthma. 75, 76 In two studies from the US, the cost-effectiveness of add-on omalizumab was compared with tiotropium and bronchial thermoplasty, respectively. In the first study, Zafari et al found that tiotropium was cost-effective compared with omalizumab and SOC therapy in patients with uncontrolled allergic asthma at a willingness-to-pay of US$50,000/QALY. 77 However, the bronchodilator tiotropium is added if standard treatment cannot control asthma, but is useful as "on-top therapy" and not as an alternative to omalizumab. 4 A second study by Zafari et al found that QALYs were 3.08 for SOC therapy, 3.24 for thermoplasty, and 3.26 for omalizumab. They suggested that there was a >60% chance that bronchial thermoplasty could become cost-effective compared with SOC therapy and omalizumab at a willingness to pay of US$100,000/QALY in moderate-to-severe allergic asthma, though the need for further research was underlined. 78 The cost-effectiveness of omalizumab has also been evaluated for CSU, but the results must be analyzed separately from asthma data due to the marked differences between the two diseases. In particular, the cost for health systems is very much lower for urticaria than for severe asthma. In a study by Tatar et al, a Markov model with a 10-year horizon was used to approximate the costs associated with omalizumab (300 mg/every 4 weeks) and SOC therapy for 24 weeks (as mentioned in the license for the drug) in patients with CSU unresponsive to H 1 antihistamines. Data from two Phase III studies were used, and concluded the possible costeffectiveness of omalizumab. 79 In a study by Kanters et al using a Markov model on patients with CSU, omalizumab was found to be more cost-effective than cyclosporine, with an incremental QALYs of 11.3. The ICER for omalizumab was €4.510 per QALY gained. When compared with SOC therapy, the incremental QALYs for omalizumab were 9.2 and the ICER was €17.502/QALY gained, thereby suggesting the cost-effectiveness of omalizumab compared with cyclosporine and SOC therapy. 80 The same research team from the Erasmus University of Rotterdam undertook another Markov model-based study including in the outcome measures the productivity losses obtained from a burden-of-illness study in Dutch patients. The ICER of omalizumab vs SOC therapy was €17 502 per QALY gained, and productivity costs had important roles in the ICER value. The results of that study were used to establish omalizumab as third-line therapy in guidelines for CSU treatment in The Netherlands. 81 A similar outcome was confirmed in a study conducted in the UK which showed that "with a deterministic ICER of £3,183 in the base case, omalizumab was associated with increased costs and benefits relative to SOC". Further, in that study, the productivity index was one of the main indicators but, even considering early discontinuation in non-responders, the impact on results was not significant. 82 
Conclusion
After nearly two decades of use, there is robust evidence that omalizumab is efficacious and safe for the treatment of severe asthma not controlled by SOC treatment and in CSU. The optimal duration of treatment is not known in either disease. However, evidence from studies such as XPORT 17 and OMADORE 18 has shown that indefinite treatment is not always needed. Despite its high price, the cost-effectiveness of omalizumab has been demonstrated in severe asthma and CSU (which is associated with medical expenditure much lower than that for asthma). The literature suggests a wide range of applications of omalizumab in various disorders regardless of allergic or non-allergic pathophysiology. Potential use of omalizumab against chronic rhinosinusitis, vernal keratoconjunctivitis, eosinophilic esophagitis, and Churg-Strauss syndrome merits investigation through controlled trials.
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